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Abstract 
 
Many biological samples (urines and faeces) have been analysed by means of 
chromatographic extraction columns, utilising two different resins (AG 1-X2 resin 
chloride and TRU), in order to detect the possible internal contamination of 
239+240Pu and 241Am, for some workers of a reprocessing nuclear plant in the 
decommissioning phase. The results obtained show on one hand the great 
suitability of the first resin for the determination of plutonium, and on the other 
the great selectivity of the second one for the determination of americium. 

 
 
Introduction 
 
Alpha particles do not represent a serious external irradiation danger, because, 
although very energetic, they stop in the outermost skin layer and do not reach 
any living tissue. Otherwise, due to their scarce penetration, they are a serious 
hazard as far as internal dose is concerned, for they concentrate the energy in a 
limited area, with no possibility to attenuate the damaging effect by its 
distribution in a bigger tissue mass [1]. The pathways of the introduction of 
radioactive contaminants are: inhalation, ingestion and transcutaneous 
absorption [2,3]. In a workplace the foremost introduction path into human 
body for radionuclides is represented by inhalation. From the respiratory tract 
radionuclides can be cleared to the gastrointestinal tract via the pharynx and 
the body fluids directly or via lymph nodes. Absorption in blood depends on the 
physicochemical form of the material that can dissociate in soluble particles or 
be transformed (with or without dissociation) in a more soluble form [4,5].  
After going into blood every substance is distributed in all the body and the 
distribution velocity to each organ depends on the blood flow, the substance 
ease to pass vessels and cells membranes and the organ affinity [2]. 
For selected radionuclides the ICRP has issued biokinetic models and a 
physiologically based model has been developed for plutonium and americium, 
as well as thorium, neptunium and curium [5]. The target tissues for plutonium 
and americium are skeleton (about the 50% of the introduced radionuclide) and 
liver (about 30%) [6]. In skeleton plutonium and americium have both an 
effective half time of about 50 years. In liver americium has an effective half 
time of 1 year and for plutonium we can distinguish a short retention time (1 
year) from a greater one (many years) [5].  
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About excretion of these radionuclides we can assume that the portion of the 
particles that are not absorbed from the respiratory tract, as well as the 
portion transferred from the other body organs via blood, go to the 
gastrointestinal tract and can be eliminated by faeces. From blood 
radionuclides can pass also to kidneys and then to bladder to be excreted in 
urine. 
In order to evaluate the possible internal contamination of 239+240Pu by 
inhalation, the workers involved in the decommissioning activities of the 
reprocessing nuclear plant, in the Research Centre of Saluggia of the Italian 
National Agency for New Technologies, Energy and Environment-ENEA are 
monitored by analysing urines every semester and faeces every year.  
In the last collections 42 samples of urine and 42 samples of faeces were 
dissolved and mineralised to destroy organic matter and allow 239+240Pu to be 
purified and eluted by anion-exchange chromatography. To confirm a correct 
procedure all the samples had been previously traced by an internal spike of 
242Pu (0,0107 Bq). After separation successive electroplating of 239+240Pu 
permitted to evaluate its activity by high resolution alpha spectrometry. In this 
work the a priori Minimum Detectable Activity (MDA) was calculated both for 
faeces and urine analyses and in some cases the activity found in the sample was 
greater than the MDA, revealing the suspect of internal contamination for some 
workers. Further analyses confirmed this result and internal dose may be 
evaluated accurately on the basis of ICRP Publication 78. 
The aim to conduct more accurate radiation protection surveillance induced us 
to investigate an alternative technique able to isolate also 241Am and separate it 
from 239+240Pu. The two radionuclides were electroplated separately starting 
from only one sample. Extraction chromatography on TRU resin was chosen for 
its selectivity for americium. Moreover, its practical use, due to Eichrom 
commercial form, makes TRU resin suitable for routine analyses. After tracing 
samples of urines and faeces with an internal spike of 242Pu and an internal spike 
of 243Am, we tested different procedures to dissolve organic matter and 
eliminate interferences to have samples in the most proper condition for 
chromatographic separation. A combined use of anion-exchange chromatography 
with AG 1-X2 resin chloride and extraction chromatography on TRU column 
allowed a better separation of the two radionuclides, because 239+240Pu was 
completed eluted by the first chromatographic technique and 241Am was 
extracted from the discard eluate through the second one. We obtained good 
results, although the methods need some enhancement 

 
 

Experimental 
 

Chemicals and reagents 
 

All commercial chemicals were of analytical-reagent grade and were used 
without further purification. HNO3 (69,5% m/m), HCl (37% m/m), HClO4 (70% 
m/m), H2O2 (40% m/V in H2O), NaNO2 (99% m/m), Ca(NO3)2·4H2O (minimum assay 
99% m/m), NaHSO4·H2O (minimum assay 35,75% ± 0,75 m/m as H2SO4), Na2SO4 
(minimum assay 99,5% m/m), (NH4)2C2O4·H2O (ammonium oxalate monohydrate) 
(minimum assay 99,5% m/m), KOH (minimum assay 85% m/m), NH4OH (minimum 
assay 30% ± 2% m/m), C2H5OH (minimum assay 95% ± 0,2% V/V) CH3COCH3 
(acetone) (minimum assay 99,8% m/m), (NH4)2HPO4 (minimum assay 98% m/m), 
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NH2OH·HCl (hydroxylamine hydrochloride) (minimum assay 99% m/m), 
Al(NO3)3·9H2O (minimum assay 98% m/m) NH4SCN (ammonium thiocyanate) 
(minimum assay 99% m/m), NH2OH·HNO3 (hydroxylamine nitrate) (solution 18% in 
H2O), NH2SO3H (sulphamic acid) (minimum assay 99,5% m/m), Fe (minimum assay 
95%) provided by Carlo Erba Reagents (Milan, Italy) and 2-ethyl-1-hexanol 
(minimum assay: 96% m/m) provide by Sigma-Aldrich Italy (Milan, Italy). 
242Pu was firstly used to spike all the samples; secondly further tests analyses 
have been made tracing other samples both with 242Pu and 243Am. The standard 
solutions of 242Pu and 243Am were supplied by Amersham (UK).  The standard 
solution of  242Pu was diluted to obtain a solution with a concentration of 
5.35*10-2 Bq/mL in 2M HNO3 solution, while 243Am standard solution was diluted 
at 1,07*10-2 Bq/mL in 2M HNO3.  
The anion-exchange resin used in this study was AG 1-X2 resin chloride (50-100 
mesh, Bio-Rad). The resin was first conditioned in a glass column (volume: ca. 20 
mL, internal diameter: 9 mm, bed height: 80 mm) by passing HNO3 8 M (ca. 100 
mL). 
For the extraction chromatography we used TRU and UTEVA columns (particle 
size: 50-100 µm, internal diameter: 6 mm, wet volume: 5 mL), purchased from 
Eichrom Technologies Inc. TRU resin consists of octylphenyl-(N,N-diisobutyl)-
carbamoylphosphine oxide (CMPO) sorbed in an inert polymeric substrate, while 
UTEVA resin consists of diamyl-amylphosphonate (DAAP). AG 1-X2 resin has high 
affinity for tetravalent species [7]. TRU resin shows high retention for trivalent 
and tetravalent species of actinides [8]. On the other hand these tetravalent 
and hexavalent species have high value for the coefficient of distribution for 
UTEVA resin. However by decreasing pH the affinity for tetravalent and 
hexavalent actinides decreases too [9,10]. 
All references to water should be understood to mean demineralised water and it 
was obtained from an OSMODEMI water purification system (BICASA, Milan, 
Italy). 
 
 
Sample pre-treatment 
 
Urines  
For all the 42 samples of urine the following procedure was adopted. One litre of 
sample was placed in a Pyrex beaker, spiked with 0,0107 Bq of 242Pu  and 
mineralized with HNO3 (150 mL) to decompose organic matter. After introduction 
of a solution of Ca(NO3)2  1,25 M (1 mL), it was heated, under magnetic stirring, 
for 3 hours at ca. 100 °C on hot plate; if abundant foam was observed some 
drops of 2-ethyl-1-hexanol were added, for its antifoam action. During heating, 
the beaker was covered with a watch-glass to prevent significant evaporation 
and to ensure good conditions for the best mineralization, and a glass rod was 
put into the beaker to break boiling and prevent the sudden and violent boiling 
over. After the sample had cooled down (ca. 2 hours), (NH4)2HPO4 3,2 M (0,5 mL) 
was added and under magnetic stirring the solution pH was slowly adjusted at 
ca. 9 with ammonium hydroxide (generally 200 – 250 mL of  NH4OH are 
necessary). In conditions of basic pH precipitation of calcium and phosphate ions 
occurs and co-precipitation of actinides as well, being calcium an isodimorphous 
carrier of actinides. Human urines contain normally a certain content of calcium, 
but the addition of an abundant quantity of carrier ensures the desired process 
in all samples, because calcium content can be different depending on the diet. 
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After a night of digestion the supernatant was eliminated and the precipitated 
was centrifuged at 3000 rounds/min for 15 minutes. The supernatant was 
discarded and the precipitate was washed by H2O and centrifuged. This 
operation was repeated another time. The precipitate was dissolved in HNO3 (5 
mL) in a quartz beaker. Both the original Pyrex beaker and the centrifuge tube 
were rinsed two times with HNO3 (5 mL) and the rinse was transferred to the 
quartz beaker. H2O2 (2 mL) was added to oxidize the remaining organics in the 
sample, which was then evaporated to dryness. To ensure a complete elimination 
of organic material HNO3 (5 mL) and H2O2 (5 mL) were alternatively added to the 
sample, which was digested and evaporated to dryness until a white residue 
appeared. The residue was dissolved in HNO3 8 M (30 mL) or in HNO3 3 M – 
Al(NO3)3 1 M (20 mL) depending on the chromatographic technique elected to 
elution. 
 
Faeces 
In the case of faeces the 42 samples, representative of 24 hours, were calcined 
as shown in table 1. After cooling the sample was transferred in a quartz beaker 
and HNO3 (ca. 50 mL) was added. The sample was spiked by 0,0107 Bq of 242Pu 
and 0,0107 Bq of 243Am and was digested and evaporated to dryness. The 
procedure was repeated 5 times. The residue was dissolved in a mixture of 
HCl:HNO3 3:1 (ca. 20 mL) and mineralized to dryness. This operation was 
repeated until a light yellow residue appeared which was dissolved in HNO3 8 M 
(30 mL). 
 
 
 
 
 

Temperature 
(°C) 

Time 
(h) 

110 2 
110 220 2 

220 1 
220 400 2 

400 1 
400 600 2 

600 7 
       
Table 1. Temperature scheme for calcination process.        
 
Separation procedure 
 
Anion-exchange chromatography with AG 1-X2 resin chloride 
 
To the urine or faeces sample in HNO3 8 M a large excess of NaNO2 was added to 
oxidize plutonium to valence state IV. A solution of ca. 5g AG 1-X2 resin chloride in 
H2O (ca. 20 mL) was introduced in a glass column, which was conditioned by HNO3 8 
M (100 mL). The sample was eluted after being filtered by a Whatman paper n. 41 
filter. The beaker was rinsed by HNO3 8 M (20 mL) and each rinse after filtration 
was eluted in the column. The collected eluate was discarded as waste if americium 
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(Am(III)) was not introduced as internal spike; otherwise it was conserved for 
further analyses. Three increments of HCl 10 M (20 mL) were added to wash the 
bulk of the sample and the eluate was discarded to waste. Hydroxylamine 
hydrochloride (0,25 g) was introduced and the column was rinsed by HCl 0,5 M (15 
mL) to reduce Pu(IV) to Pu(III) and to elute it. The rinse with HCl 0,5 M (15 mL) was 
repeated two times and all the eluates were collected in the same quartz beaker. 
The sample was evaporated to dryness. The residue was mineralized and 
evaporated to dryness adding 4 times a mixture of HCl:HNO3 3:1 (20 mL) and then 
two times HCl (3 mL). The residue was electroplated according to the procedure 
suggested by Eichrom Technologies Inc. [11]. 
 
Extraction chromatography with TRU column 
 
The urine sample dissolved in HNO3 3 M – Al(NO3)3 1 M (20 mL) was filtered by a 
Whatman 41 paper filter and a solution of ferrous sulfamate 0,6 M (4 mL), 
prepared fresh daily, was added to the filtrate to reduce Pu(IV) to Pu(III). A drop of 
solution of ammonium thiocyanate 1 M indicated the presence of Fe(III). Fe(III) could 
interfere in the chromatographic procedure so it was reduced to valence state II by 
adding ascorbic acid (0,2 g). We activated TRU column by adding HNO3 2 M (5 mL) 
and the sample was eluted. The beaker was rinsed by HNO3 2 M (5 mL) and the rinse 
was eluted in the column. HNO3 0,5 M was added to the column and allowed to 
drain. The collected eluate was discarded as waste. HCl 9 M (3 mL) was added to 
convert to chloride system and a solution of HCl 4 M - hydroxylamine hydrochloride 
8 g/L (5 mL) was added to improve Pu(IV) to Pu(III) reduction. HCl 4 M was added in 
two aliquots (5 and 15 mL). The eluate containing plutonium was collected in a 
quartz beaker and evaporated to dryness. The residue was mineralized as in anion-
exchange chromatographic technique with a mineralization with a mixture of 
HClO4:HNO3 1:1 (2 mL) before the last mineralization with HCl:HNO3 3:1 (20 mL). 
The residue was electroplated according to the procedure suggested by Eichrom 
Technologies Inc. [11]. 
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Measurements of radionuclides 
 
Activity of radionuclides was measured by high resolution alpha spectrometry using 
a multichannel analyser with ion implanted silicon detectors performed by Ortec 
(USA). The procedure was described in our previous works [12, 13] All the energy 
references are taken from K. Yoshihara, h. Kudo, T. Sekine, “Period Table with 
Nuclides and Reference Data”, Springer-Verlag (Berlin-Germany, 1985). 
 
 
Discussion and results 
 
To optimise the chemical yield and minimise any error, which can affect the 
activity measurement, we were induced to investigate the best chromatographic 
technique able to separate 239+240Pu and 241Am. 
At the same time we analysed urines sample with AG 1-X2 resin chloride and TRU 
column in the way described before to compare the results, testing some 
modification in elution with TRU column.  
We tested alternative reducents instead of ferrous sulfamate to avoid the 
introduction of Fe(III), which has negative effect on absorption of Am(III) on the TRU 
column [14]. Moreover Fe(III) can be absorbed by TRU column [15] and if it is 
electroplated it can inhibit deposition of actinides [16]. Using NH2OH·HCl or 
NH2OH·HNO3, we obtained a good recovery of plutonium and it confirmed that 
hydroxylamine can adequately reduce Pu(IV) to Pu(III). NH2OH·HCl showed a quite 
larger recovery of the actinide so we decided to use it for our future applications. 
Introducing NH2OH·HCl (0,30 g), FeCl3·6H2O (0,45 g) and ammonium thiocyanate in a 
solution of  HNO3 3 M – Al(NO3)3 1 M (20 mL), we tested the capability of NH2OH·HCl 
to reduce Fe(III) to Fe(II). So using hydroxylamine it is possible to eliminate 
interferences from iron naturally present in faeces. 
In TRU column we observed the recovery of an aliquot of plutonium (corresponding 
to a decontamination factor lower than 100) in the americium fraction, while this 
did not occur using anion-exchange chromatography with AG 1-X2 resin chloride. 
Moreover elution with TRU column did not completely eliminate in plutonium 
fraction 228Th and natural uranium, normally present in human excreta. 228Th peak 
at 5423 keV can interfere with 238Pu peak at 5499 keV and 234U peak at 4774 keV 
can interfere with an enlarged peak of 242Pu at 4901 keV in case of bad resolution. 
To avoid this problem we followed the technique suggested by Eichrom 
Technologies Inc., in which extraction chromatography with UTEVA column 
precedes TRU column elution, retaining uranium isotopes [11, 17]. In this way we 
had to introduce another column in the procedure. On the other hand in plutonium 
elution with AG 1-X2 resin chloride we did not observe neither thorium nor uranium 
interferences. AG 1-X2 resin retains uranium isotopes and thorium in a way that 
they are not eluted neither in the sample elution for americium extraction nor in 
the plutonium elution fraction. Therefore we suppose that uranium isotopes and 
thorium either are eluted during the washing bulk with HCl 10 M, or are retained by 
the resin. Further tests are necessary to investigate this aspect.  
For all the reasons above mentioned we decided to choose anion-exchange 
chromatography to elute plutonium and separate it from other actinides. When we 
decided to separate also americium we eluted by TRU column [11] the first waste 
discarded from AG 1-X2 resin chloride. In figures 1 and 2 we can observe the 
separation of plutonium and americium from the same sample (F1). 
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Fig. 1. Spectrum of a faecal sample (F1) obtained by separating and purifying 
plutonium by anion-exchange chromatography with AG 1-X2 resin chloride 
 
 
 
 
 

 
Figure 2. Spectrum of a faecal sample (F1) obtained by separating and purifying 
americium by TRU column. 
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Moreover if we are not interested in americium we can electroplate plutonium 
without uranium using only one column and we eliminate also the overlap of the 
228Th and 238Pu peaks, as one can see comparing a sample spectrum obtained by AG 
1-X2 resin chloride (Fig. 3) with a sample spectrum obtained by TRU column (Fig. 
4). In figure 4 it is possible to observe also the presence of 224Ra, which is a product 
of decay of 228Th. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Spectrum of a urine sample obtained by separating and purifying plutonium 
by anion-exchange chromatography with AG 1-X2 resin chloride 
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Fig. 4. Spectrum of a urine sample obtained by separating and purifying plutonium 
by extraction chromatography with TRU column. 
 
From the Minimum Detectable Activity, MDA(mBq), calculated a priori (Table 2) for 
plutonium isotopes we were able to determine the relative intake, I(Bq), and the 
corresponding dose, D(mSv), for every technique we had used (Table 2). 
 
 

Isotope MDA MDA 
  (mBq) (mBq) 
  Urines Faeces
  AG TRU AG 

238Pu 0.16   0.59 
239+240Pu 0.17 0.19 0.44 

R(%) 78 68 82 
 
Table 2. Minimum Detectable Activity (MDA) for investigated plutonium isotopes. 
 
 
 
 
Analytical type M type S   Isotope 
Technique urines faeces urines faeces     

AG 2.96E+01 3.47E+01 1.00E+03 1.59E+01 I(Bq) 238Pu 

AG 8.89E-01 1.04E+00 1.10E+01 1.75E-01 D(mSv)   
AG 3.15E+01 2.59E+01 1.06E+03 1.19E+01 I(Bq)   

TRU 3.52E+01   1.19E+03   239+240Pu 
AG 1.01E+00 8.28E-01 8.82E+00 9.87E-02 D(mSv)   

TRU 1.13E+00   9.86E+00      
 
Table 3. Intake (I) and dose (D) for type M and S absorption [5] of 238Pu and 
239+240Pu 
 
 
 
 
Conclusions 
 
Hydroxylamine chloride proved to be effective for reducing Pu(IV) to Pu(III) and 
separating it from Am(III), with no necessity to be daily prepared as ferrous 
sulfamate solution. The use of NH2OH·HCl in a HNO3 solution did not affect the 
chromatographic separation for the mixture of Cl- and NO3

- counterions, even 
because the quantity of HCl linked to hydroxylamine is very low in comparison to 
HNO3 8 M. Moreover it is also able to reduce Fe(III) to Fe(II) eliminating any 
interference in electroplating iron naturally excreted by faeces. 



 10

We validated a good method to determine 239+240Pu contamination on biological 
samples, with a rather constant chemical yield and resolved peaks. The preliminary 
studies on TRU resin led us to hypothesize that it is possible to apply extraction 
chromatography associated to anion-exchange chromatography to purify and 
analyse separately 239+240Pu and 241Am from the same sample. Using anion-exchange 
chromatography with AG 1-X2 we eliminated interferences from uranium without 
UTEVA extraction. 
Alpha energy measurements allowed us to find the Minimum Detectable Activity 
(MDA) both in urines and in faeces and the corresponding values have a good 
accordance for TRU and AG 1-X2 chloride resin.  
As suggested by ICRP Publication 78, urine samples are generally chosen for a 
routine monitoring because their collection is more practical and it is possible to 
have always a constant quantity of sample that is representative of a 24-hours 
excretion (1400 ml [18]). Faeces samples quantity is more variable, although an 
average value for a 24-hours excretion is suggested as 150 g/die [18]. We obtained 
a MDA for urines lower than the one for faeces and this allows detecting rather low 
levels of contaminations. Anyway we decided to collect also faecal samples because 
in the first period after the contamination for inhalation the rate of plutonium 
excretion in faeces is about an order of magnitude higher than in urine and the 
ratio faeces/urine activity inverts after several months depending on the actinides 
chemical species [19,20]. Therefore analyses on faecal samples can be useful to 
determine an intake too recent to be evaluated from urine excreta. It is possible to 
compare the ratio of the activity found in faeces and urine in the sample after a 
certain time from the intake, with the ratio between the relative excretion 
functions, at the same time, indicated in ICRP Publication 78 for type M and type S. 
Since we did not know the precise moment of the intake we have chosen the 
predicted values of excreted activity per introduced activity for inhalation of 
plutonium isotopes in routine monitoring (Table A.12.16 ICRP Publication 78). We 
have considered a routine monitoring period of 360 days and we have assumed that 
the intake occurred at half of the period. If the order of magnitude of the ratio 
obtained is closer for example to the ratio of the predicted value for type S we can 
suppose that the chemical species is principally composed of slow absorption 
material. Analogous considerations can be done for type M. 
The results obtained in this work lead us to improve the purification and the 
separation of plutonium and americium with the perspective to optimise a routine 
procedure and offer a more rapid and effective surveillance tool. We hope that 
having a more detailed knowledge on the intake time our technique can be useful to 
evaluate not only the committed effective dose, but also the chemical species of 
the inhaled actinides. 
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